Abstract
Introduction
Diabetes is the most common cause of chronic kidney disease, with a high economic impact on health systems.
Objective
To estimate the cost of chronic kidney disease (CKD) and end-stage kidney disease (ESKD) attributable to diabetes, stratified by sex, race/skin color, and age, from the perspective of the Brazilian public health system between 2010 and 2016.
Methods
Population attributable risk (PAR) was calculated from the Brazilian prevalence of diabetes and the relative risk (or odds ratio) of persons with diabetes developing CKD and ESKD as compared to non-diabetic subjects. The variables of interest were sex, race/skin color, and age. A top-down approach was used to measure the direct costs of the disease reimbursed by the Brazilian Ministry of Health, using data from outpatient and inpatient records.
Results
The cost of CKD and ESKD attributable to diabetes in the period 2010-2016 was US$1.2 billion (US$180 million per year) and trending upward. Female sex, age 65-75, and black race/skin color contributed substantially to the costs of CKD and ESKD (US$475 million, US $63 million, and US$25 million respectively). The clinical procedures accounting for the greatest share of disease-attributable costs are hemodialysis and peritoneal dialysis.
Conclusion
Diabetes accounted for 22% of the costs of CKD and ESKD. Female sex, age 65-75 years, and black race/skin color were the variables which contributed most to disease-related expenditure. The economic burden of CKD may increase gradually in the coming years, with serious implications for the financial sustainability of the Brazilian public health system. PLOS Introduction hospital levels. Also, is responsible for approximately 75% of medical care in Brazil [16] . Specifically for ESKD treatment in Brazil, 83% of the patients are cared for by the SUS and 17% by private health insurance [12] . In the SUS, secondary health care initiatives reported by public and private hospitals are denominated medium-to-high-complexity procedures, characterized by the following aspects: more advanced technology; higher costs and more specialized care. For purposes of information and funding by the Ministry of Health, the medium and high-complexity procedures are registered in the SUS Outpatient Information System (Sistema de Informação Ambulatorial, SIA/SUS) and Hospital Information System (Sistema de Informação Hospitalar, SIH/SUS).
Brazil has undergone major political, economic, demographic, and social changes in the past 40 years [15] . In 2018, according to the International Monetary Fund (IMF), Brazil had a per capita gross domestic product (GDP) of USD 10,220, classifying it as an emerging market with a developing economy. The IMF's 2017 World Economic Outlook (WEO) report classifies countries according to economic perspective as a function of per capita GDP. Advanced economies include the USA (GDP: $62,150), Japan (GDP: $40,850) and Canada (GDP: $48,470); emerging markets and developing economies, such as Brazil, include Russia (GDP: $11,950), China (GDP: $10,090) and Mexico (GDP: $9,720); and the low-income developing countries such as Laos (GDP: $2,710), Nigeria (GDP: $2,110) and Haiti (GDP: $847.09) [17] .
According to the Brazilian Institute of Geography and Statistics (IBGE), the average monthly salary for the main household wage earner in 2016 was USD 683.00, and the average monthly cost of hemodialysis is USD 660.00, not including other related costs (drugs, doctor's appointments and transportation) [18] . For the Brazilian family, the impact of CKD is catastrophic and dependence on SUS is essential to surviving.
Study design
Chronic kidney disease (CKD) is currently classified according to the patient's glomerular filtration rate (GFR) and urinary albumin excretion, as the association of these two parameters with disease progression, adverse renal outcomes, and mortality is widely recognized. For purposes of economic analysis, CKD was divided into two categories for this study: chronic kidney disease (CKD) and end-stage kidney disease (ESKD).
The estimated cost of CKD and ESKD associated with diabetes was obtained by calculating the population attributable risk (PAR) by sex, race/skin color, and age, and multiplied by the costs of medium-and high-complexity procedures recorded in the SUS Outpatient Information System (Sistema de Informação Ambulatorial, SIA/SUS) and Hospital Information System (Sistema de Informação Hospitalar, SIH/SUS) from January 2010 to December 2016. The population considered for analysis was restricted to adults (age >18 years). PAR was calculated by the following formula [14] :
Where: P = Prevalence of diabetes by sex, race/skin color, and age, as obtained from the National Health Survey [6] , and RR = Relative risk that persons with diabetes will develop CKD and ESKD versus persons without diabetes, by sex, race/skin color, and age.
To calculate the PAR, relative risk (RR) was obtained from systematic reviews, meta-analyses, and observational studies indexed in international journal databases (Cochrane Database of Systematic Reviews, Embase, and PubMed), published in English, between 1990 to 2017.
The search query consisted of the following MeSH (Medical Subject Headings) terms: "Renal Insufficiency, Chronic", "Kidney Failure, Chronic", and "Diabetes Mellitus". A handsearch of the reference lists of articles thus retrieved was also performed, and potentially eligible publications were added to the selection. Two independent investigators (GMRG and ENS) evaluated the quality of the selected articles, using the Assessment of Multiple Systematic Reviews (AMSTAR) tool.
The prevalence of diabetes was obtained from the National Health Survey [6] . This survey implemented a cluster sampling strategy and interviewed one adult resident (age >18 years) from each of 62,986 households distributed across Brazil. Detailed methodological information on the survey is available elsewhere [6] .
A top-down approach was adopted for the identification, measurement, and valuation of the direct costs of CKD and ESKD, based on administrative data obtained from the SIA/SUS and SIH/SUS. These systems serve as a registry of all procedures reimbursed by the Brazilian Ministry of Health to health facilities (hospitals, clinics, and laboratories), public or private, that provide services to the Unified Health System. Direct costs were defined as those of outpatient (SIA/SUS) and inpatient (SIH/SUS) procedures, such as doctor's appointments, laboratory tests, medications, hospital admissions, treatment of complications, renal replacement therapy, and renal transplantation. Non-medical direct costs (patient transport, caregiver payment), indirect costs (absenteeism, presenteeism, and early death), and intangible costs (loss of ability to work, loss of quality of life, among others) were disregarded.
For analysis, direct costs were stratified by variable (sex, race/skin color, and age) and combined with International Classification of Diseases (ICD-10) codes for CKD (N18, N18.8, N18.9) and ESKD (N18.0). The variables sex, race/skin color, and age were divided into the following categories: a) sex-female and male; b) age-18 to 29 years, 30 to 59 years, 60 to 64 years, 65 to 74 years, and >75 years; c) race/skin color-Asian, White, Native Brazilian, Brown (pardo), Black, and not reported. Specifically for the race/skin color variable, data reallocation was required, as 24% of database entries belonged to the "not reported" category. Data reallocation was performed by calculating the percent share of the categories "Asian", "White", "Native Brazilian", "Brown (pardo)", "Black" in relation to total cost, disregarding costs for the "not reported" category; then, costs for the "not reported" category were redistributed based on the percent share calculated in the previous step.
Nominal values for the 2010-2016 period were used, without any adjustment for inflation. This is common practice for Brazilian studies of public health costs which use administrative data, as the fee schedule of procedures offered by the Unified Health System is updated only irregularly and infrequently [19] . Costs were collected in Brazilian reais (R$) and subsequently converted to U.S. dollars (US$), at an exchange rate of US$1 = R$3.26, as of December 31, 2016 , reported by the Central Bank of Brazil.
As this study used only aggregate information from government databases, which is in the public domain and offers no possibility of identifying individual subjects, approval by a review board of the National Research Ethics Committee (CEP/CONEP) was waived [20] . Table 1 lists the risk factors associated with chronic kidney disease and their relative risks (RR). Diabetes is the risk factor with the highest incidence in the CKD population (OR 1.75, 95% CI 1.62-1.89), and is associated with a six-fold increase in the risk of developing ESKD (RR 6.1, 95% CI 5.7-6.3). Among diabetics, women were at a higher risk of developing CKD and ESKD compared to men. Black race/skin color and age 65-75 years were also important factors that contributed to the development of ESKD.
Results

Risk factors associated with chronic kidney disease
No statistically significant associations were found between diabetes, CKD and ESKD for the following variables: age 18-29 years, 30-59 years, 60-64 years, or >75 years; and race/skin color Asian, White, Native Brazilian, or Brown (pardo). Table 2 reports the calculated PAR for diabetes associated with CKD and ESKD stratified by sex, race/skin color, and age. Table 3 presents the costs of CKD and ESKD, estimated at US$5.6 billion between 2010 and 2016, which corresponds to an annual cost of US$807 million. Group 3, which encompasses clinical procedures, accounted for 85% of cost of illness, mainly due to renal replacement therapy (hemodialysis and peritoneal dialysis). Chronic kidney disease is essentially treated on an outpatient basis. Accordingly, of all procedures, 91% were recorded in the Outpatient Information System (SIA/SUS), and only 9% in the Hospital Information System (SIH/ SUS).
Costs of chronic kidney disease and end-stage kidney disease
Costs of chronic kidney disease and end-stage kidney disease attributable to diabetes
In Brazil, the cost of CKD and ESKD attributable to diabetes in the 2010-2016 period was US $1.2 billion, which amounts to US$180 million per year and 1.3% of all resources provided by the Ministry of Health for medium-and high-complexity care in 2016 (Table 4) . Taking into consideration CKD and ESKD together, the cost attributable to diabetes accounts for 22% of the total cost of illness of CKD and ESKD in Brazil. When stratifying by disease severity, diabetes contributed 4.3% of the cost of CKD and 23.4% of the cost of ESKD (Table 5 ). The annual cost growth rates of CKD and ESKD over the period of analysis were 9.5% and 6.2% respectively. Cost of chronic kidney disease attributable to diabetes by sex, race/skin color, and age
In the 2010-2016 period, diabetic women accounted for US$475 million of the cost of CKD and ESKD, and diabetic men, for US$290 million. The costs attributed to Black race/skin color and age between 65 and 75 years amounted to US$25 million and US$63 million respectively in ESKD (Table 5 ).
Discussion
This study shows that the costs of CKD and ESKD are increasing in Brazil, and accounted for approximately 3.5% of the Ministry of Health budget in 2016 (US$807 million per year), a share close to the expenditures of developed countries. In these countries, 2 to 3% of health expenditures are directed to ESKD, benefiting 0.1-0.2% of the overall population [9] . The costs of renal treatment represented 6.3% of the U.S. Medicare budget in 2010 [21] , 4.1% of the health budget in Japan in 1996, 3.2% in South Korea in 2004 [22] and 1.3% of the UK National Health System (NHS) budget in 2011 [23] .
In developed countries, the cost of treating ESKD is a major cost factor for health systems, with an annual growth rate of 6% to 12% in the last two decades, mainly due to hemodialysis and peritoneal dialysis [23] . In Brazil, the present study shows that the annual cost growth rates of CKD and ESKD over the period of analysis (2010-2016) were 9.5% and 6.2% respectively, and the number of patients on dialysis increased at a rate of 3.6% per year, especially among older adults [24] . These data suggest that health expenditures related to dialysis will continue to rise in the near future and highlighted the importance of preventive measures, especially those related to controlling the leading cause of CKD: diabetes [24] .
In the present study, the relative risk (RR) of a diabetic developing CKD and ESKD was 1.75 (95%CI 1.62-1.89) and 6.10 (95%CI 5.7-6.3) respectively. This is consistent with previous research that has demonstrated a positive association between diabetes and chronic renal impairment [25, 26, 27, 28] . In Brazil, 12% to 20% of the population on renal replacement therapy is estimated to have diabetes [24, 29] ; in developed countries, this figure may be as high as 40% [30] . Original findings of this study include the cost of CKD and ESKD attributable to diabetes, approximately US$180 million per year (22%). According to WHO, 30% of the cost of ESKD is attributable to diabetes [23] . Studies have shown that the monthly cost of managing CKD is US$1,200 and may exceed US$3,000 if diabetes and heart failure are also present [31] .
Regarding the costs of the early stages of chronic renal impairment, classified in this study as CKD, a note of caution is warranted. These data may be underestimated in SUS information systems, mainly due to the lack of screening for CKD in patients at risk [1] and to delayed diagnosis [32] . A cohort study in Taiwan found that, although chronic kidney disease affected 11.9% of the adult population, only 3.5% of participants were aware of this diagnosis [33] . A cross-sectional study of 12 low-and middle-income countries showed that 31% of diabetics did not know they had CKD [1] .
Another issue to be considered is the high mortality of patients with diabetes due to renal impairment and heart failure [31, 33] , which contributes to higher health-system expenditures. An analysis of diabetes mortality found that a substantial proportion of individuals who died of diabetes had renal failure, but the cause of death was coded as uncomplicated diabetes. This reveals a failure of the vital statistics information system in capturing chronic kidney disease [9] . Diabetes, with or without comorbid renal disease, has a clear and substantial impact on the health budget. A systematic review found that the annual direct cost of diabetes worldwide was US$825 billion, with China (US$170 billion), the United States (US$105 billion), India (US$73 billion), and Japan (US$37 billion) accounting for the highest diabetes-related expenditures [34] . In addition, it is estimated that 60% of the overall costs of diabetes are borne by developing and underdeveloped countries, which imposes costs on patients, their families, health systems, and national economies [34] .
In the poorest parts of the world, the number of patients with CKD is believed to be growing rapidly, and a strong association between low levels of economic development and reduced availability of renal replacement therapy has been reported [9] . Especially in countries with weak economies, more than half of patients with ESKD receive no treatment whatsoever [35] .
Within this context, authors have argued that, in low-and middle-income countries, screening programs to detect CKD in specific populations may reduce the burden and cost associated with this condition [35] .
Income and poverty are directly related to social inequality in health [36] . Brazilian data on poverty and income distribution published by the Institute of Applied Economic Research (IPEA) in 2011 show that between 1995 and 2009, poverty rates declined in Brazil as a result of income distribution policies. However, sex and race inequalities mainly affect Brazilian black women [37] .
In 2009, the income of Black women was 55% of their white male counterparts, demonstrating that this group remains at the bottom of Brazil's social hierarchy [37] . National efforts to reduce poverty should be even greater, mainly when there are inequalities in terms of sex-race and spending on CKD.
Sex
Our analysis by sex revealed that, in Brazil, with 51% of the population being women, the cost of CKD associated with diabetes was higher for women (US$475 million) than for men (US $290 million). This finding is explained by three factors: a) the higher prevalence of diabetes in women; c) the higher RR of CKD and ESKD in diabetic women; and c) physiological issues inherent to the female sex.
In Brazil, women have a higher proportion of reported diagnosis of diabetes than men (7.0% vs. 5.4% respectively) [6] . Also, a meta-analyses that analyses a global prevalence of CKD and ESKD by sex found a higher prevalence in females (12.1%) than in males (8.1%) [4] . In earlier reports, diabetes has generally been found to cause a greater adverse effect on major CKD risk factors in women than in men, requiring more consideration in clarifying the association between the sexes. Women with diabetes were more likely to have hypertension, dyslipidemia, and obesity, and were less likely to achieve the target value for glycated hemoglobin. In other words, women with diabetes had a higher chance of failing treatment targets than men [38] .
In contrast a systematic review reported that the incidence of ESKD in diabetics is higher among white men (9 studies); however, in the black population, females are more likely to reach the end stage of renal disease (2 studies) [39] . The higher incidence of ESRD among white men may be explained partly by a higher prevalence of hypertension among males. Nevertheless, it has been shown that among older patients with diabetes who were starting hemodialises, mortality rates were higher among women than men (1.19 [95% CI 1.08-1.30]) [39] .
Regarding mortality, women with diabetes are at higher risk of death compared to men [40] . In 1.577 patients (61% men, 60±15 years), men presented more CVD co-morbidity [40] .
Some studies have reported possible physiological mechanisms that may explain the greater progression of CKD and ESKD in women with diabetes, such as a body composition characterized by lower lean mass; reduced estrogen levels in the postmenopausal period; changes in central adiposity; and insulin resistance [4, 27, 28, 38] .
In a recent literature review by Carrero et al (2018) , the authors found that the epidemiology of CKD differs by sex, affecting women more than men, demonstrating that the effects of longer life expectancy on the natural decline in GFR, hormonal aspects, as well as the potential underdiagnosis of CKD, may be partly responsible for the higher prevalence of CKD in women. Furthermore, the authors suggest that the quality of life of women with CKD and ESKD is worse than that of men [41] .
These discoveries provide insights that can be used to reduce access disparities for patients with CKD, which may be related in both sexes. In Brazil, access to health services seems not to be related to better or worse CKD care. Indicators of access to public health services show that women have more doctor appointments, examinations and take more SUS-funded basic medication than men [42] ".
Race/Skin color
The cost of ESKD associated with diabetes in the Black population was estimated at US$25 million, and this population was 53% more likely to develop CKD than non-diabetics. Several findings converge to increase the RR of progression to ESKD in the Black population [43, 44] . In Brazil, the Continuous National Household Sample Survey (2016) demonstrated that, between 2012 and 2016, the percentage of Whites in the population fell from 46.6% to 44.2%, while the percentage of Brown (pardo) individuals rose from 45.3% to 46.7% and Blacks from 7.4% to 8.2%.
Although our study looked for a risk association between diabetes and CKD in the White, Brown (pardo), Asian, and Native Brazilian subpopulations, no such combination was found. Most population-based international studies specify only white, nonwhite, or black ethnicity, which makes them difficult to correlate directly with the race/skin color classification used in the Brazilian National Health Survey (2013) and the Unified Health System information systems.
A Brazilian study that investigated the prevalence of self-reported medical diagnosis of CKD found that the highest prevalence among racial groups was presented by individuals who self-identified as Brown (pardo), a population not considered in the cost analysis [32] . Another Brazilian cohort found that CKD was predominantly prevalent in the black, Brown (pardo), and Native Brazilian populations [7] .
Several causes are implicated in the higher prevalence of CKD and ESKD in the Black population with diabetes. Black patients are more likely to develop kidney disease because of the higher frequency of glomerulonephritis, hypertension, and diabetic nephropathy [45] , as well as genetic predispositions and environmental factors such as smoking and diet [39] . In addition, social inequalities may predispose to increased exposure to CKD [7] .
Studies have shown that individuals with low socioeconomic status are at 60% greater risk of developing CKD than those with a high socioeconomic level [2] . International findings show that Black British and Asians in the United Kingdom, Hispanics in the U.S., and indigenous populations in Australia, New Zealand, and Canada are at increased risk of developing CKD and ESKD because of disadvantages associated with racial background [46] . In Brazil, unemployed and illiterate persons are more likely to be black and Brown (pardo), with a consequent impact on the distribution of chronic noncommunicable diseases (NCDs) [11] .
Brazilian studies demonstrate that racism is a determining factor in access to SUS health services, primarily for Black women that suffer from sex and race inequalities. The results reveal that white women account for 15.4% of access to health services, while Black women represent 7.9% [47] . In Brazil, the debate over prejudice and racial discrimination is incipient. Little is known about inter-relations between socioeconomic and racial inequalities, mainly among Black, Brown (pardo) and Native Brazilian individuals [11] .
Although socioeconomic status plays a specific role in the incidence and prevalence of CKD, this does not fully account for the increased risk in the Black population. Cohort studies have shown that black patient have a 2.4% higher risk (95%CI 1.9-3.0) of ESKD when compared to whites, even after adjusting for age, sex, educational attainment, income, smoking, history of hypertension, diabetes, and other clinical conditions [44, 48, 49 ]. An association between obesity and ESKD in Black women was proposed by a longitudinal study of U.S. data. The findings suggest that Black women are at higher risk of ESKD than White women, and that a possible explanation would be the high prevalence of overweight and obesity in this group [43] .
Age
In our analysis of diabetes-related ESKD in the 65-to-75 age range, total Ministry of Health spending on outpatient and inpatient procedures amounted to US$63 million between 2010 and 2016. According to the methodology employed, this expenditure is influenced by the prevalence of diabetes in the Brazilian population and by the relative risk of developing ESKD in the elderly diabetic population. The population aged 65 years or older accounted for 7.38% of the total population, according to the 2010 Brazilian Census conducted by the Brazilian Institute of Geography and Statistics (IBGE). In the other age groups, no measures of association (RR or Odds Ratio) suggesting a positive correlation between diabetes and CKD or ESKD were found.
It is worth noting that, in Brazil, the age structure of the population is changing rapidly; the proportion of children and young people is declining, while both the proportion of older adults and their life expectancy are increasing [50] . The growing number of older adults in the population increases the burden of disease, especially NCDs. These transformations pose challenges for all sectors, and create a need to rethink the extent of service provision for the coming decades [50] . The increasing prevalence of diabetes as a function of age is a well-established phenomenon. Between ages 18 and 29, the prevalence of diabetes is 0.6%; for those aged 65 to 74, this rate can be as high as 19.9% [6] , which predisposes to an increase in the burden of CKD.
In a study evaluating 66-year-olds, patients with both diabetes and CKD were found to have a greater decline in GFR ( [25] . It bears stressing that the cost findings of the present study may not reflect the true weight of ESKD in older adults with diabetes. Studies show that the burden of untreated renal impairment is significantly greater in the elderly than in younger people [52] and that many older adults appear not to benefit from renal replacement therapy, to the detriment of quality of life and high mortality as a result of cardiovascular complications [53] .
Although the present analysis did not set out to calculate direct costs unrelated to health, indirect costs, and intangible costs associated with CKD, these costs do have a direct impact on individuals, their families, health systems, local governments, and global economies [23, 54] .
Strengths and limitations
The use of information from the Outpatient Information System (SIA/SUS) and the Hospital Information System (SIH/SUS) provides a greater degree of comprehensiveness to this study, because these systems cover all health procedures paid for by the Ministry of Health-a federal agency that funds the majority of medium-and high-complexity care provided by the Unified Health System. The 7-year period of analysis, between 2010 and 2016, helped mitigate the possible confounding impacts of economic downturns and reduced investment in the health sector in specific years.
Limitations of the study include the fact that, when comparing the costs of CKD in different countries, methodological heterogeneity and different epidemiological characteristics must be taken into consideration. Furthermore, we were unable to calculate per capita costs, since Brazilian information systems count procedures rather than individuals. As we could not calculate relative risks for all of the desired variables of interest, the costs of CKD attributable to diabetes may have been underestimated.
Conclusion
The costs of CKD and ESKD attributable to diabetes were estimated at US$1.2 billion in the 7-year period of analysis, which amounts to US$180 million per year on average. Diabetes currently accounts for 22% of annual expenditures on CKD and ESKD in the budget of the Brazilian public health system, with an upward trend. Diabetes accounted for a greater share of ESKD costs than CKD costs.
Female sex, age 65 to 75 years, and self-reported Black race/skin color, regardless of combinations thereof, contributed to an increase in the costs of CKD and ESKD (US$475 million, US$63 million, and US$25 million respectively). Explanations include the increasing prevalence of diabetes, genetic predispositions, social determinants, and changes in the age structure of the Brazilian population.
These findings may contribute to strengthening the promotion, prevention, surveillance and treatment of diabetes, given that it is a significant risk factor for CDK. It is also important to consider that in Brazil, women, Blacks and the elderly constitute a vulnerable population and may benefit from public health policies related to CKD and ESKD care.
In Brazil, public funding is essential in treating CKD, since middle-income earners cannot afford a renal replacement therapy. As such, for the Ministry of Health, which funds most CKD and ESKD treatment, implementing specific public policies to reduce the growth of the disease is an opportunity to mitigate the economic impacts, since CKD and ESKD-related expenses are growing at an annual rate of 6%.
There is a pressing need to discuss strategies for CKD screening in populations at higher risk, such as those identified in the study, in view of the serious implications of this condition for the budgetary sustainability of the Brazilian public health system.
Further research of this nature should be conducted in developing countries to monitor the progression of health spending and provide inputs for decision-making, helping improve the allocation of public resources.
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